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The retention of radionuclides by interactron with mineral 
phases has significant consequences for the planning 
of their short- and long-term disposal to geological systems 
An understanding of binding mechanisms is important in 
determining the uhmate fate of radionuclides following release 
into natural systems and will give increased confidence 
in predictive models X-ray absorption spectroscopy (MS) 
has been used to study the local environment of uranium 
taken up from aqueous solutton by the surfaces of goethite, 
lepidocroctte, muscovne, and mackinawtte On both iron 
hydroxides uranium uptake occurs by surface complexation 
and ceases when the surface is saturated The muscovne 
surface does not become saturated and uptake increases 
linearly suggesting formatton of a uranium phase on the 
surface Uranium uptake on mackinawite also suggests a 
replacement or precipitation process XAS indicates 
that bidentate inner-sphere surface complexes are formed 
on the iron hydroxides by coordination of two surface 
oxygens from an iron octahedron in the equatorial plane 
of the complex Uranium uptake on muscovite may occur 
through surface precipitation, the first layer of uranium 
atoms binding through equatorial coordination of two edjacent 
surface oxygens from a silicate tetrahedron, wtth the 
axial oxygens of the uranyl unit aligned across the hexagonal 
"cavities" created by the rings of tetrahedra At low 
concentrations, uptake on mackinawtte occurs at locally 
oxidized regions on the surface via a similar mechanism to 
that on iron hydroxides At the highest concentrations, 
equatorial oxygen bond distances around 2 0-2 1 A are 
observed, inconsistent with the presence of uranyl species 
The average number of axial oxygens also decreases 
with increasing concentration, and these results suggest 
partial reduction of uranium The nature of these different 
surface reactions plays an important role in assessing 
the geochemical behavior of uranium in natural systems, 
particularly under reducing conditions 
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Introduction 
The uptake of uramurn on sod and sedunent components 
has been extensively studied (1-11) Many of these studies 
have been concerned wth the binding mechanisms of the 
uranyl ion (UOzz+) under OMC condmons 

Moms et al ( 7 )  used Raman spectroscopy to identrfy 
dsunct blnding sites on a smecute clay At low and 
mtermediate loadmgs of uranium, uptake occurs at pH- 
dependent amphotenc edge sites, and, at higher loadings, 
b m d q  occurs at fixed charge (exchange) surface sites 
Funher studies on clay mmerals have shown that as surface 
coverage mcreases, the number of equatonal oxygens around 
the uranyl mt mcreases, as does the U - 0  bond distance 
(61 This suggests that mitial uptake to the most energetrcally 
favorable sites allows a close approach of theuranylmt and 
an mer-sphere reactlon wth the surface After h s ,  uptake 
is on to less favorablesites, so that the U-0 &stance mcreases 
w t h  uptake At high surface coverage, the bmdmg complex 
appears to be sirnllar to that m the aqueous phase, unplylng 
unselectlve and weak bmdmg 

Uranium binding by lron olade rmnerals also appears to 
be by mner-sphere surface complex formauon involving two 
oxygens of the FeOs octahedron (8) Surface complexation 
modeling of uranyl species m carbonate-free solutlon at pH 
> 5 suggests that mono-, bi-, and tndentate uranyl-hydroxy 
complexes are responsible for uptake on femc hydrolades 
(2) UranJum uptake on calcite is a complex combmahon of 
processes dependmg on pH and on COz and U concentra- 
tlons, under some condmons u r m u m  is weakly adsorbed 
as a monolayer, whde under others formatlon of a preapitate 
on the calcite surface is observed (12) Sulfide mmerals also 
take up uranium (513, 14), and reductlon of trace metals 
m solutlon by sulfide mmerals has been observed (9, 15) 

Uptake studes whxh rely on bulk measurements ( sop -  
tlon isotherms, distnbution coefficients) are essentlal to 
understand the behavior of uranium under dfferent pH, 
temperature, and concentratron condmons However, to gve 
mcreased confidence, they need to be combined wth drect 
observatlon of species coordmatlon at the mmerallwater 
mterface X-ray absorption spectroscopy (XAS) is the most 
effectlve way of analyzing the local environment of uranium 
species bound to a fine pamcle mineral phase and has the 
abllity to dmngush  between venous adsorpuon and surface 
precipitabon processes (16) For these reasons, h s  study 
concentrates on the XAS analysis of uranium taken up on 
several mineral phases and compares the different coordi- 
nation behawor observed The current work supports and 
extends prewously reported expenments on lron oxldesl 
hydrolades under a vanety of conditions (I, 2,s) and reports, 
for companson, new studes mvolvlng muscovite and 
rnackmawte 

Experimental Section 
In this work, powdered samples of the mineral phases were 
reacted wth  solutions of the uranyl ion (as nitrate) at 
mcreasmg concentrations, and the uranium uptake meas- 
ured The form in which the uranium was taken up by each 
mineral was then investigated using X-ray absorption 
spectroscopy 
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' * Mineral Prepnration Goethite and lepidocrocite were 
syntheslzed accor&ng to Schwertmann and Comell (1 7), and 
the punty and homogeneity were confirmed by powder X-ray 
diffraction (XRD) Goethite and lepidocrocite prepared by 
this method typically have surface areas of 20 and 70-80 m2 
g-*, respectively A natural muscowte sample was ground 
w t h  acetone m a planetary ball mill The surface area (BET 
isotherm method) ofthe powdered matenal was 39 8 mz g-' 
Marknawte (tetragonal FeSI-,) was obtamed by precipita- 
non from an aqueous Fe(I1) solution by addition of aqueous 
NazS at controlled pH, as descnbed by Lennie et al (18) and 
Lennie and Vaughan (19) T h s  procedure was camed out 
using deaerated deionized water under an oxygen-free 
nitrogen atmosphere The freeze-dned precipitate was stored 
under nitrogen The sample was amorphous when e x a m e d  
by X-ray powder diffraction, however, extended absorptlon 
fine structure spectroscopy (EXAFS) analysis of the Fe K-edge 
gave coordination numbers and mteratomic &stances (four 
S atoms at 2 20 A and four Fe atoms at 2 5-2 6 A) consistent 
w t h  macbnawte as descnbed by Leme et al (18) and L e m e  
andvaughan (19) The matenal is prone to oxldatlon, mabng 
surface area measurements difficult 

Batch Experiments In the batch uptake expenments, a 
solidlsolution ratlo of 0 1 gl10 mLwas used for the g o e h t e  
and mackmawte, whlle 0 3  gl30 mL was used for the 
lepidocrocite and muscowte With the excepaon of macla- 
nawlte (see below), the samples of solid matenal were rewet 
overnight m deionlzed water (10 or 30 mL as appropnate) 
in 50 mLcapped polyethylene centnfuge tubes Uranyl mWte 
m aqueous solutlon was added to gwe htlal urmum soluaon 
concentraaons of 0 025,O 05.0 1,O.Z. 0 5, and 1 0 mM Splke 
volumes d d  not exceed 1OOpL to avoid sigruficantly aflecung 
the solidlsolutlon ratio In all cases, three identical samples 
were prepared for each concentranon The urwum solutlon 
was kept in contact w t h  the solid matenal for 24 h and 
aetated Final pH values were 3 6-4 8 for lepidocrocite, 3 7 
(high Iul,~,,) - 7 0 (low lUl,~,,) for goetlute, and 4 6 Ough 
Iul,~,,) - 8 1 (low IUlurtn) for muscowte The unplicabons of 
these vanatlons in pH are discussed later After centnfugmg 
(6000 rpm, 30 min), the Supernatants were removed and 
filtered (045 pm), and a known ahquot was dlluted ap- 
propnately w t h  2% (vlv) HN03 (Anstar) for analysis by 
inductlvely coupled plasma mass spectromeay QCPMS) The 
remarung slurry of solid matenal was sealed m the centnfuge 
tube and frozen in hquid nitrogen to rmflllIllze further 
reacuon before X-ray absorption analysis 

The macbnawte samples were treated simdarly, except 
all manipulatlons were carned out m a glovebag under an 
oxygen-free mmgen atmosphere and usmg degassed deion- 
lzed water Initial solution concentratlons ranged from 0 5 
to 5 0 mM The remaning slurry was carefully mserted into 
polyethylene tubing (ca 5 mm diameter), sealed, and frozen 
m liqrud mtrogen At all concentranons of uramum m solutlon 
the pH equdibrated between pH 6 7 and 7 0, suggesting that 
addition of the uranium did not significantly affect the pH 
of  the system 

X-ray Absorption Spectroscopy The local enwonment 
of the urmum taken up by the solid rmnerals was mvesagated 
by both X-ray absorption near edge structure WES) and 
extended X-ray absorption fine structure (EXAFS) spec- 
troscopies The general pnnciples ofXAS and its apphcatlons 
to mineral systems have been comprehensively rewewed 
elsewhere (20,ZI) 

Uranium L(111)-edge X-ray absorption spectra were col- 
lected on Station 9 2 at the CLRC Daresbury Synchrotron 
Radiation Source, operating at 2 GeV ~ t h  a typical beam 
ciirrcnt of 150 mA A double crystal Si (220) monochromator 
was used and detuned to 50% of m m u m  intensity to 
mtnim~ie high energy harmonic contamnation A frozen 
slurq sample, prepared as descnbed above, was mounted > 
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FIGURE 1 Uptake of uranium from solution as a function of initial 
uranium solutron concentntion (A) on lepidocroctte, (m) on 
goethite, (0) on muscovtte, and (0) on mackinawite 

in an alummum sample holder and kept at hquid mtrogen 
temperature The monochromator was cahbrated usmg a 
crystalhe U 0 3  standard sample (edge posinon 17 169 eV) 
Fluorescence spectra were collected over an energy range of 
-16 900 eV to -18 050 eV usmg a 13-element Ge detector 
The signal from each element was collected and exarmned 
separately before bemg added to the total A l l~ul l~~lum of 
four scans per sample were collected, and the data summed 
to unprove data quahty An aqueous solunon of uranyl mtrate 
(50 mM) and sohd samples of U308 and UO, (dduted w t h  
boron mtnde) were also analyzed Background subtracted 
spectra were analyzed m EXCURV97 (22) usmg full curved 
wave theory, mcludmg multlple scattenng from the uranyl 
group where necessary (23-25) Phase sh&s were denved m 
the programs fiom ab mno calculatlons usmg Hedm- 
Lundqwst potentlals and von Barth ground states (26) Founer 
transforms of the EXAFS spectra were used to o b t m  an 
appromate radal &smbutJon funcnon around the central 
urmum atom (the absorber atom), the peaks of the Founer 
transform can be related to 'shells" of surtoundmg back- 
scattering atoms charactenzed by atom type, number of 
atoms m the shell, the absorber-scatterer &stance, and a 
Debye-Waller factor, 2 d  (a measure of both the thermal 
mohon between the absorber and scatterer and of the static 
b o r d e r  or range of absorber-scatterer distances, whch may 
be mewed as an mdex of uncertamty m an mQwdual shell) 
Thedata were fitted for each sample bydeiinmga theoreocal 
model and companng the calculated MAFS spectrum wth 
the expenmental data. Shells of backscatterers were added 
around the urmum and by refhung an energy conecbon & 
(the F e r n  energy), the absorber-scatterer &stance, and the 
Debye-Walier factor for each shell, a least squares residual 
(theR factor (27)) was mmlrmzed For each shell of  scatterers 
around the uranium, the number of atoms in the shell was 
chosen to grve the best fit but not refined Addmonal shells 
of scatterers beyond the first were only included m the final 
fit lfthey made an unprovement m the R-factor (at least 4%) 
Muluple scattenng was mcluded m the theoretlcal model, 
where necessary, by definmg the geometry of the model and 
calculatlng all the multlple scattering pathways dunng 
refinement, usmg Small. atom theory (28) to mrumlze 
computauon tune 

Results and Discussion 
Batch Experiments The uptakc of uranium as a function of 
initmi solution concentranon JS shown for each of the 
minerals ~n Figure 1. although it IS difficult to interpret these 
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FIGURE 2 ka-weighted EXAFS and Fourier tmnsfom for U on (a) lepidocroclte (from 0 5 mM U solution), (b) goethrte (from 02 mM U 
solution), and (cJ muscovite (from 0 4 mM U solution) Solid lines represent experimental data and dashed liner the best fit. 
in detad due to the vanability in pH However, at the pH 
condiuons employed uranyl hydroxy solunon species are 
dommant in all systems (1.29) Uptake on lepidocrocite and 
goethlte follow very simrlar patterns, flattemg off at hgher 
concentrations Uranium solution concentranon has been 
shown to have a significant effect on sorpbon energencs (6, 
7.301, and these results indicate saturation of the avarlable 
surface sites in support of previous work (3,311 Uptake of 
uranium on muscovlte and maclunawte is very dlfferent, 
mcreasmg linearly wth concentration and e x c e e h g  99% at 
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each concentranon In effect, uranium is quantltauvely 
removed from solution at all concentrations In the case of 
muscovlte, the surface loadmgs greatly exceed the cation 
exchange capacity of 188 f 3 4  cmollkg This behavlor 
suggests formanon of a new phase at the surface (32) The 
conanued uptake of uranium wth  mcreasmg concentratlon 
on both muscovlte and maclunawte may be due to the 
formanon of a new uramum-conmgphase  on the surface 
T h s  hypothesis IS exammed m more d e t d  in the followmg 
secoons 



. TABLE 1 Parameters Obtained from EXAFS Data Fming of U 
L(lIl)-Edge Spectra for Lepidocrocrte. Goethite, and 
Muscovite' 

sample shell atom 
(initial soh concn) no type N r& ;Id (At) R 

U on leprdocroctte 1 0 2 0  181 
I (0 5 mM) 2 0 4 0  240 

3 Fe 1 0  345 
U on goethite 1 0 2 0  180 

(0 2 mM) 2 0 5 0  240 
3 Fe 1 0  347 

U on muscovite 1 0 2 0  180 
(0 4 mM) 2 0 4 0  235 

3 SI 1 0  275 
4 Si 2 0  366 
5 U 1 0  386 

0003 259 
0 015 
0 017 
0006 389 
0 024 
0 015 
0003 401 
0 028 
0 011 
0 010 
0 010 

N is the coordination number If11 f is the interatomic distance 
(fO 02A) 2d isthe Debye-Wallerfrctor and Risthe overall goodness 
of fit 

Analysis of MAFS Spectra For lepidocrocite, goethite, 
and musconte all theXAS spectra wereverysdar,  regardless 
of uranium concentratlon The results for one representabve 
sample of each of these are therefore dscussed in d e t d  The 
W S  spectra and conespondmg Founer transforms for 
these samples are shown in Figure 2a-c Correspondmg 
parameters obtamed from analysis of the spectra are sum- 
manzed m Table 1 
U on Fe Hydroxides For both lepidocrocite and goethite 

(Figure 2a,b), the best fit was achieved wth two mal uranyl 
oxygens at -1 80A and five oxygen atoms at -2 4 0 k  These 
distances suggest uptake of the uranyl ion, coordinated in 
the equatonal plane by 4-6 ligands In each case the fit is 
improved by a thlrd shell contiuning at least one Fe atom at 
-3 50 A  his is also consistent wth results of Wzute et al 
(81, whosestudyofuranyl ion uptake on femhydnte surfaces 
also suggested that theequatonal oxygens could be separated 
into two groups, mth 3 0 at 2 35Aand 2 0 at 2 52 k In the 
present study, the resolution of the data was such that no 
improvement in fit was found on fittmg wth  the equatonal 
oxygens as two shells Uranyl carbonato complexes have been 
proposed on iron oxlde surfaces from XAS analysis (331, but 
attempts to fit our data wth  carbonate hgands gave no 
improvement in fit 

Our EXAFS data suggest one envuonment for the equato- 
rial oxygens However, as Waite et al (8) proposed there may 
be more than one type ofequatonal U-0  enmronment, wth 
the U-0 distances to the surface 0 atoms bemg longer than 
those to the water hgands If this is the case, then for the 
U-Fe distance obtained expenmentally m our work, the 
distance between U and surface 0 would have to be -2 50 
A, close to that found by Waite et al (8) If  the equatonal 
oxygens atoms are at two distinct distances, then grven the 
experimental average equatonal U-0  distance of -2 40 A, 
the remaining three equatonal 0 atoms would be at 2 33 A 
which is very similar 10 the distance observed by Wate et al 
(8)  

U on Muscovite In common wth the results for U on the 
iron hydromdes, the best fit to the EXAFS data for U on 
muscovlte (Figure 2c) also shows two uranyl oxygens at 1 80 
A and at least four equatorial oxygen ligands at a shorter 
distance of 2 35 A Fitting the equatonal oxygens at two 
different distances did not improve the fit, but the high 
Debye-Waller factor (Table 1) mav signify slight differences 
in U-0 distances in the second shell An improved fit is 
obtained when silicon atoms are fitted in h r d  and fourth 
shells wth a best model fit obtained wth  one sllicon at 2 75 
A and nvo at 3 66 A Hoiveker. a U-Si distance of 2 75 A is 

e 

e o  
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FIGURE 3 Proposed binding mechanism for uranyl species on 
muscovite surface (distances, in k are expenmentally denved) 
Solid lines depict discrete bonds between uranium and oxygen 
atoms Dashed lines indicate 'through-space" distances in mus 
covm tetrahedral plane Dotted lines indicate -through-rpace' U-Si 
distances Si-0 bonds in individual tetrahedra have been ommed 
for clrmy 

short, gwmg a U - 0 - 3  angle of less than 90°, whch would 
suggest a sigruficant amount of &stomon of the surface on 
bindmg Replacement of Si wth  0 at thls &stance &d not 
improve the fit significantly and multlple backscattenng 
analysis also showed no unprovement m fit The peak at 3 66 
A can be fitted wth  two Si atoms, although mclusion of 
multlple backscattenng further unproves the fit The feature 
at 3 86A can be fitted w t h  four Si atoms, although a U atom 
at h s  &stance gwes a slightly better fit A uranium atom at 
ttus &stance could be due to formanon of a urmum- 
(hydrlonde precipitate which is consistent wth  the uptake 
cuwe (Figure 11, although it may reflect the presence of a 
neighbonng uranyl complex on the muscovlte surface 

Anideallzed model for coordmation of a single uranyl ion 
on the musconte surface is lllustrated m Figure 3 Two 
equatonal coordmanon posinons are filled by two comer 
oxygens of an ISi0d'- tetrahedron ms tetrahedron forms 
part of one of the hexagonal nngs of sllicate tetrahedra wtuch 
make up the tetrahedral layer in the musconte strumre, so 
the Si atoms of two adjacent tetrahedra are observed at a 
distance of 3 66 A In this model the mal oxygen atoms of 
the uranyl umt are aligned across the hexagonal cantles at 
the centers of the nngs of tetrahedra In the absence of 
distomon, the model-denved U- - -Si1 distance is 2 57 A 
compared wth 2 75 A from experiment, and the U- - -Si2 
distance is 4 03 A compared to 3 66 A from experiment Tee 
expenmental and calculated distances dffer by up to 0 4 A, 
but the calculations assume that the geometry of the 
tetrahedron remains undistoned on uranium coordina 
tlon to the surface, and also that the bonding and non- 
bonding equatonal oxygens are all at equal distances from 
the uranium center The discrepancies beween calculation 
and expenment suggest that the system is significantly 
distorted 

Other MAFS studies of uranium sorption on phylloslli 
cates have been interpreted in terms of surface complex 
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FIGURE 4 EXAFS spectn for U on mackinawita and for UO2+ in 
aqueous solution f i r  mrckinawite samples onginal solution 
concentrations (mM) am given, wlth mass of U rorbad (clg) per g 
of sohent in perentheses Solid liner represent experrmental data 
and dashad lines the best fit 

formatlon Chsholm-Brause et al (6) suggested that there 
are three &stmct enwonments for oxygen atoms m the 
equatonal plane of the uranyl species sorbed on tothe surface 
of montmonllomte As surface coverage mcreases, there is 
an mcrease m both the number of equatonal oxygen atoms 
and the U-0 distance Tlus rmplles that energetlcally more 
favorable surface sites are filed first Thereafter, less favorable 
sites are filled as coverage mcreases, resultmg m longer U-0 
&stances but hgher equatonal coordmatlon numbers 
Simdarly, Dent et al (30) have also shown that the EXAFS 
spectra of uranyl species sorbed onto montmonllomte at pH 
5, closely resemble those of hydrolyzed s p e s  m solutlon, 
in other words, the uranyl structure 1s largely retamed on 
sorpuon Unhke muscomte, the mterlayer of montmodlomte 
can expand to -8 k al lomg a hydrated uranyl complex to 
enter between the layers and presenmg addtlonal sites for 
uranium uptake 

In the present study, the best fit is obtained with 4 f 1 
oxygen atoms in the equatonal plane However, the com 
parauvelyhgh Debye-Waller factor for this shell mayreflect 
some dsorder, such as would anse gwen a rmxNre of four- 
and five-coordinate species Fmt and second shell &stances 
m the present study agree well wth those found by other 
workers (6,301, however, W d  and fourth shell data for U-Si 
distances are not avdable for companson 
U on Mackinawlte The vanatlon in urmum uptake on 

mackmawte wth mrtial concentratlon m solutlon Figure 1 )  
suggests formatlon of a new phase on the surface (32) The 
EXAFS spectra (Figure 4 )  and thelr Founer transforms Figure 
5) for four samples of mcreasmg urmum concentratlon are 
dlsplayed along wth those for the uranyl ion m aqueous 
soluuon It is clear that there are substantlal drfferences 
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AGURE 5 Fourier transforms for U on mackinawits and for UO?+ 
in aqueous solution For mackinawits samples original solution 
concentrattons (mM) are given, with mass of U sorbed (Irgl per g 
of sorbent in parentheses Solid lines represent experimental data 
and dashed liner the best fk 

TABLE 2 Parameters Obtained from EXAFS Data F a n g  of U 
l(III)-Edge Spectra for Mackinawrte. 
inttial U soh concn shell atom 
(concnonminernlj no t p e  N r& R 

0 2 m M  1 0 2 181 0005 537 
(4500 pprn) 2 0 4 2 4 0  0009 

3 Fe 2 3 8 3  0013 

(9100 ppm) 2 0 4 2 3 8  0011 
3 Fe 2 396 0016 

(24000ppm) 2 0 2 2 1 4  0022 
3 0 4 2 3 6  0012 
4 Fa 2 397 0015 

(113000ppm) 2 0 1 207 0003 
3 0 5 231 0020 
4 Fe 2 397 0000 

0 4 r n M  1 0 2 182 0006 57 0 

l O m M  1 0 2 181 0012 460 

5 O m M  1 0 2 183 0014 534 

N IS the coordination number (fl) r IS the interatomic distance 
If0 02 AI 2d is the Debye-Waller factor (AI) and R is the overall 
goodness of fit 

between the Founer transforms for Merent concentrations 
The parameters (Table 2) indicate that at the two lower 
concentratlons, the best fit is gwen by two mal oxygen and 
four equatonal oxygen atoms, wth an additional Fe shell as 
m the mer-sphere surface complexes proposed for the 
hydrous K O n  oxlde system At higher concentrations, the 
best fits are obtamed by spliting the second shell into two 
separatesubshellscontwgoxygen atomsat2 07-2 14 and 
231-236 k The -2 1 A distances are too short for 
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FIGURE 6 Uranium UIII)-edge XANES spectra Miss of U sorbed 
(pol per g of sorbent in parentheses 

equatonally bound oxygens, so b m h g  cannot be explamed 
solely m terms of a sunple uranyl complex at hgher 
concentrations In addiuon, the Founer transforms Figure 
5) show that the mtemhes of the first and second shell peaks 
vary greatly over the concentratmn range The amphtude of 
a peak in the Founer transfonn is a functron of N and the 
Debye- Waller factor, so decreasing the coorhatron number 
and/or increasmg the Debye-Waller factor wdl result in a 
lower amplitude In addiuon, sigdicant mcreases in the 
Debye-WaUer factor of first shell data are observed wth 
increased loadmg, which vvlll also affect amphtude However, 
larger Debye-Waller factors do suggest dsorder wluch is 
consistent wth the presence of muted uranium species ' Ihs 
suggests p m a l  reducuon of uranium, leadmg to an mcreased 
average coordination number and a range of U-0 &stances 
between 2 07 and 2 36A, as found m the data fimng at hghe.r 
concentrations (Table 2) Fittlng the spectra wth only one 
oxygen atom m the first shell gave higher R-factors, suggesung 
that there is a significant uranyl contnbution even at hgher 
surface concentratrons 

The bmding mechanisms in this system are obwousiy 
more complex than those of urmum on the uon hydroxlde 
and sdicate surfaces At low surface concentrauons, sorptlon 
apparently occurs m a simllar way to that descnbed for the 
iron hydroxlde surfaces Although mackmawte is a sulfide 
mineral, oxldlzed regons of the surface may be present, and 
the uranyl ion may form surface complexes m these areas 
(34) Once these sites are saturated, uptake may conmue by 
coupled reducuon of uranium and surface oxldauon As 
solution concentrations increase, a greater propomon of the 
uranium would be reduced, so the average number of mal 
oxygens would decrease and U-0 distances around 2 A, 
charactensuc of oxlde phases contaming at least some U(W 
centers, e g U30e  (35) would beobserved Wemaythen expect 
a uranium atom to provlde the best fit in the fourth shell at 
higher concentrations (Table 2). although iron p e s  a shghtly 
lower R factor in both cases Thus, at high U loadings the 
precipitation of a discrete uranium oxlde phase contirung 
both U(VI] and U ( N )  centers, e g u 3 0 8  or u@9 may occur 
This is consistent wth the findings of Wersin et al (9) who 
reported uptake of uranyl on pynte and galena surfaces 

associated wth precipitauon of a uranium oade of mwed 
omdation state 

The Suggestion of phase formauon is supported by the 
XANES data FigureGshows the U L(III)-edge)(ANES spectra 
of the m a c h a w t e  samples dong wth spectra for U&, 
Uoz, uranyl on goethite, and aqueous uranyl nitrate At low 
umruum loadmgs, the mackmawte XANES strongly re 
sembles that of U on goethite, but as the U concentrations 
on the m a c h a w t e  surface increase, the XANES changes 
The peak at 3-5 eV becomes less pronounced, whde the 
regon from 8 to 20 eV becomes more smoothly curved At 
the hghest surface concentrahon, the XANES most closely 
resembles that of Utos, consistent wth the EXAFS data 
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Migration of plutonium 
In ground water 
at the Nevada Test Site 
A, B Kor8tlngql D. W Efurdt, D L Mnnegeni, D 1 Rokopt, 
D K frnlth' t J, L lhompront 

tr@tuyc k n c u  thvrrion, f'tl Bm 808 1.231 LowctJct Liternlore NAlwnal 
Labnwrory I iwrmarc, Cnhfornia 94550 UTA 
t Chct>lrwl S n m L t  ari l  T&nolup Cbvrvcsion MA lJI4, LFI Alomos Natwnul 
Lobwh-ry, 11)s Alarnm Nrw Murro R ? W  UFA 

Mobile colloids-riurpendcd partides in the subrmcromctre CIIC 

range-arc known to occur naturrUy in ground water' and haw 
thc potential to cnhancc transport of non-soluble contamlnvntr 
&rough sorption' Thc possible imphation, of this tnnrpon 
rnrchunrrm are of p a r r i d a r  concern u1 thc context of radio- 
nudidc tnnrpon Significant qwntidu of the elcmcnr Pluto 
dum have been introduced into the cnvimnment as a r r d t  of 
n u d u r  werpons tcbtlng and produnion, and nuclear power-plant 
nccideniL Morcovcr, many countries mttdpntc storin8 nuclenr 
waste underground. It has becn argued that plutonium uatco- 
duccd into the subsurface environment is rclruvely LmmabUc 
owing I O  11% low folubllity in ground wirer' and strong sarption 
onto rocks' Nonetheless, colloid-tacllltokd trmspon of rrdio- 
nuclides ha5 been tmpkcatcd in field obrcrva~onrb', but unequi- 
vocal evidence of subsurface transport IY Inckmg"" Moreover, 
colloid filrrahon models predxt transprt over a limited distancc 
rcsulfing II) r LJcrepsncy between obrervcd and modelled 
behrviuur' H u e  we report that the radionuclides obscrved in 
proundwater wnplc\ from nquiferr at the Nevadn Test Site whcn 
hundrtds of underground nuclear test6 wcre cunductcd, nre 
asmcwcd with thc colloidal fruction of the ground wvYtct The 
l'CPul"vPu isalopc rntio of the ramplcr rstabhshn that an under- 
golrnd ntickar test I 3 hi north of lhc sample aite 1L the origin of 
thc plutonium Wt trgue that co!Jotdd gruundwotcr migrahon 
mu6r hove played an unponmr rvlc in tnnsportmg thr pluto- 
nium Modclr that either predict limited tranrport or do nut allow 
ktr colloid hcditated transport moy thur rignificmtly under- 
cstunu~c the urttnt of radionuclide migration 

1 he Nevadr Test htc (N? S) was the location of 828 underground 
nuclear resib conducicd by thc Unitcd \tlic* lmwccn 1956 and 
1992'" (big Is) At a result, the  NTS contains a lrrbe invcnrory 
(> IU'Ci) of radioactive materirl depovtrd 111 the suhrurface 
and thut  provide\ a uniquc opportunity for studying the transport 
of radiiInucltdc containinantc During an underground nuclear tc$t, 
tcmperaturch c w c d  I d ' k  IocnUy dnd -7Otonne\ of rock are 
vaporized rnd another 7OfJtonncs of roLk are inched f(ir mcry 
khtoii (ki) of cxplavve ) icld" Mor1 rtfraciory radionudidc +?ties 
( h r  exdmplc actinides ( C J K ~ I  U )  rare CJrlhS and r l k z l ~ ~  ea&) are 
rncorpormd Inlo the melt glass that bodlcsces AI the boitibm of the 
cavlfy Tht  wlatilc Spccrcs (for rxainplc, alkali metals U Sb I Ru 
and p c s - A r ,  Lr, Xc) are mwc brcbrdly diitrihuied in the LJVity 
And overlying rubble chimney crcated directly above lfic wvrty'- 

Sample, wrrc tollectcd in thr northwestern q c t i u n  of the NTS 
(Fig ! a )  wuherr thick scqucnccs of rsh-flow luff< and rhyolitic lava 
flow\ don) niic tlrr gerilogy"" Hydrdogicd grdcnts  m the \r\idy 
i re1  w g p ~  4 wuthwcstwrrtl and wurhwdrd (low of prciund water 
with CSllllldltd flon vrlocttiu tarigtng from 1 to ~ ~ r n y r - l  (rtf  1 3 )  
Thc EK-31-5 well cluster I \  located 280 ni wuthwekt of thcTyho tcd 
w c a n d  I kin w i t h  ofthc k n h i m  ic\i w e  ( t  16 Ib) Thc El< 20 5 
wdla nci I and no 3 wcrc wrtncd Jf a deplh of 701-764 m Jnd 
1 046 I 183  m r ~ ~ p ~ i i v e l y  

Grwndn ttcr sm-iplcs wcrc puinprll iritii 'ZtU I drums tin thrrc 
scydrilr ucc. iwn(  trvcr 3 I6-rnanth p b m d  lhhl tercd p u n d w  itel 
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nples wtrt  analpsi for tritium ('HI, y-ray-emitting r;rdinnu- 
L I , &  and Pu h o w  Additional 2004 grouiidwatcr urnpits 
win dl no I were collected on the u?ccsd and thlrd snmpliirg 
campaign* and filtered UI scrim using I ,(WW)-nm, SU-nrn and -74m 
(100,W nornuwl rnoleLular mu<) filtcr sues The parriculdtc 
materid (>1,000 nm), two cblloidal fractions (1,000-50 nni and 
50-7 nm) and the ultrafilerarc or dissolved fraction (c: -7 nm) 
wnc separately analysed for 'H, y-ray-cmittin~ rrdionuclitla and 

Surface sod samples WCK collected in thc vrcinity of thL Iknhim 
-nd Tybo nuclear test ntrs  and thcir a'uh/l'rPu isotope 
teasurd Archived melt g h s  matcnal collected from the u v l t y  

region immediately after the detonation of the Boiliam and Tyho 
m t s  was re-analysed for ita zcaPu/"'Pu w b p r  eompmiiiun and 
compand to data previously vbtvincd during the US nuclear test 
programme Ahquob from the melt ghss mrc anilysed at Lor 
hlamoc National Labontoy Y weU nu tawnncr Lvermorr National 

pu isotopes'~ 

L d w r ? m r y  to providz external tvhoratory comprrlron Additional 
eYpeririielitd1 dct~iI\ trom thi, study arc given cl~cwhere'"" 

Tritium rnd low bp~~ i f i c  ictivitiet ot cobalt (Co), C J C S I U ~  (G), 
europium (Eu) nnd  Pu radioisotopes were dstcctcd in the unfiltered 
groiintl w a t u  (Fig 21 1 he level> ot rddiwctivity me,rrured fronr 
ground wJtt.r collected from well no 3 arc aignificrntly lower 
(i,lJu&zlj tinies lower) than those mcwsurcd u1 groutid w;(tcr 
from well no 1 Eu iwtopc\ wtrc not dctrctcd in ground water 
from well no 3 but may be prewnr brlow the level ot dcrcction 
(--IO-' Bq1-I) Figure ?b dluw,iICs that the sdiiw rd i onud idLS  and 
similar levels of radioscunty were dtteLted in the prvund water 
sample\ obtainsd from well no 1 durlng rhc three different 
sampling periods Analogous r e d h  were obtained for briwnd 
water samples froiii well no 3 (dah not $horn) 

I l t c r ~ n g  reinovcd mov of thr radionuclides from rolutron, but 
had cwcntialiy nn cffcct on the 'H concentrdticin in thc hltrites W e  
found that >9Y% of the Eu arid Pu isiitoph -9116 of the Co, and 

Flgurs 2 Cornpanson 01 radioaclrvity d(llticldd n unhllered woundwetar ~eniDles 
from FR 2 W  well cluaier Grovndwater chrmirrry of ER 204 no 1 in mqr' Is da 

firlo*s [Cl ] I 3 3 [SO, - 36 0 INS*] I x) 0 [K ] = 3 1 [Coy j = 3 2 
1Mg '1 = 0 1 pti 6 4 For tne purposes of cornpalson all drio wwe dvcvy 
Coriuclv6 10 22 April 1997 rna urn0 ol IM tnlru sdmplirig a ConconIration of 
IddiorLWily Inarhurud it1 unfrlrurud yivond wilW lroln Ule 8hrllauer aquifer 
pumped horn well no 1 b Concsnlmllon 01 radioaclwlty mesrurad in unhhrrd 
ground water from the deepor squfiar pumprd trom well no 3 c Comprrlsun of 
thq rsdiornbvny deronad in Ih# three groundwrrar nnrnplas co l l o~ f~o  frorri *cII 
no I nvarthsdurationofmafreld expsrimenl The hraf ,arngls we$ CnlIeabU and 
1EQm' (6noO grllonr) warm pornpod lhr r r o n d  rhrr 1 6 2  Y IO'nl' (4010W 
esllons) Tho pumpa were ohm down end rocunod rho nOYI spnng An 4Jllltlut\dl 

2 23 x 10. m' (60 OOO gnflonr) of ground witor was pumwd before ,hc ( t i i d  

aarnola waa colioctwj A ?ore1 of 1 (6 x IC? rn' ware p u m d  from well no 1 dnd 
2 I Q  A 10, ma from *QII no 3 Piimping rate 18 0 030 m'rnin-' 

67 
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letters to nature 

95% of the Cs in the ground water from well no 1 wcre woclsted 
with the :oNo1&1 rnd particulate halons (Fig Sa) 
To detemiine thc source of the mdtonuclidec. and hence the 

distance they havc been transported, we u5c the 2QPulu9Pu isotope 
ratio to 'fingerprint' the source of the obwrvd Pu tn the ground 
water Figure 3h shows the nnrmdlzed ''"PU2'~u amtope ratios 
m e a u d  in thu study The '"'Pufu*Pu wtopc ratio of the 
unUtcrcd p u n d  water from wcll M I matches rho& ofthe unfiltered 
ground water from well no 3 and the colloidal and particulate 
fraction fmm well no 1 In addition, It uniquely niatchcr the 
Benham nudcar test nnJ no other (Each nuclear detonation in  

the study am L sharaaeritcd by I unique 9wuPPu isotope ntm.) 
Thc m P ~ P u  isotope ratio of thc ground wmr IJ dutlnctly drLrcn t 
horn that of the surhco mil rompla, diminaung suhcc wntarnlna- 
tion as I psible source for the Pu dcttcted in the ground water 

The particulates and two hffennt colloidal site fracrion, were 
rndyrcd by X-ray ckffnction (XRD) and scanning electron micro- 

* rOO 

F w  
S e  1.. h Jo a -  

i -  0 

*c rm Wnm i p m  7nm 50nn-1 e h m  
cotiolas 

I; * O l  1.5 

-0- 

SCOpy (Sm) The lmtcridl WIT composed nf clrvs ( ihtc  and 
smectilc). zeditcs (mordcnitc and cl~no~trlol~tclhculandirc) and 
CrlstObrlitt The trmc mineral a~wnblage  wat dcrcacd rn all three 
MU traction\ (>I (rm, I,(Kl(JO-K)nm, 3nd 50--7nrn) Figure 4 
show SEM image6 of two distinct marphologicq obsclurd, the tlri 
plat). rnmersb and the md shaped rnrncrals arc Wrcly to bc dryr 
( i ) l r ~ t )  and zcohte (mordcnitc), rtspectivcly 

Clays and zeolrtu art conimon secondary rnmerals in altered 
rhyolrtic tuff and sniectite, clinoptdolltc and mordenite h w e  bccn 
specifically identified in rhc rocks on Pahutc mcsa" and e l w h e r e  in 

volcmc tuffs at the N T V  Smcctitc has also been rdtntlhed as an 
altcrairon miirtnt formed during durolution of n u d e r  waste 
8lass" The colloidal minerals rdehtified in ER-20-5 ground water 
from wdl nn 1 are consistent with thc secondary minerals obxrvcd 
in ground water coUeaed from vhlfimic tuff aquifers Iocatcd in the 
southwestern part of the NTS'DZi 

Srronrcum, 0, Co and actinides (including Pu) have bccn shown 
to <trongly sorb to clays and zeolites Y a wult o f  their large muon- 
exchange wpacit$2u' For urrrmplc, Pu sorpuon experiments 
involving clinsptdolitc with g a i n  sizes beween 75 and 500wrn 
and KTS water with a pH of 7 yieldtd distribution coefficients of 
K, > 500ml g -I (ref 5) The zeolite panicles and colloids obrcrved 
in thc pracnt study fall wthm the micrometre and nibmicrometre 
size range Their reduced size will k associated wth larger surface 
areas and is thercfare likely IO r d t  in higher I& values In fact, 
rccmt cxperirnrntc on the sorption of PU 10 montmorillonite 
S U ~ ~ I  that this process may be inmrubk on the t i r n e d c  of 
the laboratory cxpcrimenba' (-1 p r )  

T h c  data obuincd in this study supgtAr that Pu and other 
rodtonuclides are transported as enlloldal mntcnd Althou~ Pu 
has k e n  shown expcnrnentaUy to srronglytorb to clays and Xmlites, 
Pu can alto w r t  as an intrinslc colloid, compored of Pu oxrdeU 
Both type of Lotloids havc the ciprcity IO be tranxponcd by ground 
water From thv study, we cannot dntinguwh thc colloidal form of 
the Pu and further study IS needed Wc wggest th31 CO, Cs and Eu 
are Lorbcd onto the colloidal sized clays and Lroliter in the p o n d  
water as they do not form inrrfnnlc coUolds 

B8 
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fir indmum mcasurcd mncentrJtion uf Pu .u thc ER-20-5 tltr 
1. -1O-''M Thu mluc'u lower than thL rolubility liinrrs 01 -10- 
CI that hivc been aperimentally dctcrmined for the FU ( V I  rph ILS 

Ilkdy to bc rcsent iii NTS gruund water' The cakulatcd s~lubil~ry 
limiu (WR-W17M), ubtalned by assuming that PU(IV) 111 

thermwfynrmiL cyui l~bnum~~' ,  bracker thc m a m u m  niasued 
pu concentration It thus seem3 thrc thc Pu concrntrations in the 
p u n d  water at ER-20-5 were IW low to I e d  to the precipiiaiion of 

solid Pu phrfie Our rcsults indicate that 4 1% of the oshurvod Phi is 
VI thc dis~rrkd fraction of the Brouibd water Thin finding and the 
vemoudy rqwtcd ruulu of Pu sorption cxpcnmcntr" are moht 

\onswtent mth Pu nrigroting as ~olbd~l material and nM L a 
&solved p b s c  The conctntntiun of Pu meuured IS sndl. arid 
t c p w n t s  only a rmrll h a i o n  of the total Qu uroeiatd wlih thc 
& h a m  nudnr t a t  

B a d  on 40 ycars of re-drdlmg underground nuclear tcIt avttirs 
aPd collecting melt glyr samples b r  ted diagnostics, i t  has h e 1 1  
obwcrued that the majority [-94M) of thc refractory radioauchdes 
(such as Pu) arc incorporatd mto the nick plus that f o r m  ai  thc 
bottom of h e  test cavity" I' In field studm where ground water an 
K elunmrkd u a pouibk tnnrport mahunism, rrdionuclidrs 
*ere detected at n miwmum of a fnv hundred merres honr the 
original dnonirion point. and were arrributcd to p s  niovemeiit 
through fractures, or fracture tnjccrr~n of vaporucd material at 
detonation timenM Thc porribihry that Pu froin the &nhmi tcqt 
rite was bhstrd and deposited >1 3km away, In two &$tinct 
aquifers separated by 300 m venicvlly and 30 m horirontally, 
seems highly uirllkcly However, mme fraction of thc Pu may have 
been tnioally injected through Inaurcs a fcw hundred metres and 
subqucntly tnnsportcd by Found water 

Molbo. Aelmant and Tybo nuclear tests w e n  all detonrted after 
Benturn Although rhock waves resulting from underground 
nuclear blrsu &an induce ndid frrcturer out to a m m u m  
Jirtmce of a few hundred metres (ref 30). it is unlikely that these 
detonation& hlutrd matcrul from &nhm to ER-20 5, as they were 
all rmrllcr detonations and by inferencr shallower I n  addluon, Pu 
from these subsequent three tests w u  not detected in the ground 
water at Ek-20-5 

T h e  high pumping rates (0  03 m' mm") employed may create 
shear smsrc~ ruficrcnt (O pncrrtc rn incmrc in the concentration 
i ) t  colloids and thus p m t  a quantification of the amblcnt 
collard4 lord and, by mfmncc, a detcrnwiation of the nrinimum 
or maximum conccntration of Pu in the ground water But the 
isotope ratio of the Yu measured in ground water from ER-20-5 
neverthclerr clearly cruhluhcs that the rrdi~nucl~ctc ortymrta from 
a specific nuclear event, -I 3 km to thc north T h e  prercnr work 
thut dcrnonstratcb that Pu IS not rmmobdc UI the rubsurfdce, but 
can he tnnrponcd mt signfirant dutanrer Pu transprt nrdels 
that only tnkc into account rorption and rolubdity my therefarc 
underestimate the extent to which this species LI &le to mignte in 
ground water n 

L 

Patterns of recruitment and 
abundance of corals along 
the Great Barvier Reef 
1 P Hughea, A W Balrd, E A Dlnsdale, 
N A MohrchanlwskyJ', M 8 Pntthett, J E Tanner 
81 B I WIII\a 

Different physical urd biologlcd prvccucr prnril at different 
scdtfl-' h B consqucncc, small-salc cxpennrentr or l o 4  
obrcrvatrons provide llmlted insights into regiod or glabd 
p h e n ~ m m a ' ~  One solution Is to incorporate spetld scale erpli 
citly into the expenniental and saniplng doign of field rtudres to 
prnvidc 8 broader, landscape vim of c~ology'-' Here we e m m e  
rporial pinernr in cor& on the Great Barrier Reef, across Y 

npectrurn of scales ranging from metres to more than 1.700km 
Our study is w r u ~ a l  bemuse we explore large ude panerr  of a 

- - 
rr-0 rd lrcu  Depnmtnt 91 ~ u m ~ i r u t e  vrvrertiry nI ILnunu uuIILC.1on Iunuw 'la 

I I It lli, 
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!ht 

il fee 

10r 

If 

arc ingtncd with IiuIrds - rathrr than 
direct& from thc phM - $upported ky 
observrtion and by i strefig earrelition 
&ween lmrd ternamc and Cycrum rzedr in 
rhept1lcr.i thr~rdsinthcrhrikepellctth~d 
4 h1ght.t germindtion rate ((id%) thdn thorr 
lrom Lard droppings (50%) or directly 
from the plant (54%) showing thit tlwr 
expcrrmcr in prsring through hun vrcttrn 
h8d tncreiued their potLntd fiw trnmcdiatc 
(emmatton 

Lmr& m m tffccnvc dspr5nl qstern 
for Lynm on Akgrmnw but mrcment  
vfthc plant bctwctn d3nds uainp dir IIt.trrl 
as a vector 19 likely ?I) bt rare {ulthootgh not 
imp~ible') Movcmcnt of tht seeds lrom 
bud to bird however, pnKnu a range of 
opponunitieo for rrlmd-dwelling phntc, giv- 
ing them a L grntcr chnncc of monng Y, 

new ulmdq Brcalwthtrctdrdrr rcurncd in 

theshrlkc rgirvrdfrlt IeWthanan haur,fced- 
rngand flight muct follow m rwptd ~~iccession 
if dtsprrsol by thu nimns u to be cffecdvr 
trkr sa mnny other events in bland blain0 
pvcn enaugh time IC wrll probably hpprn 

Ihr tiyntfiancc 01 prcdakrk as s c -  
ondary drsprsrtsoffrutu and seeds 1s ltkely 
tobc limitcdmspccific situattnns In Bntain 

crhaps nowhere have the details of 
contmrnant transport in ground P wattr systems ken mort contentiaus 

than m the m a  of nucleor waute dirporat 
Qvet thc past dcude, the dircavrry of ~bl. 
loidal forms of rcnnlder, rudr as plutonium 
(Pu). hat oheti been at the centre of concern 
owr underground storngr of radionuclide% 
On page 56 of'rhrs usuc' Kcnnng cr aL pro- 
vide an iUu+trotlon of the nrtkrng influence 
coUoidr' may have on ctmummmc trans- 
port The a i t h m  havc studied yroundwttcr 
myrrtion of Pu from a nuclcar dctonrnon 
tile in Nevada Howtver, the p r t m l a r  $I@ 
nrficrnce of thttr report Ires in reinforcing 
a general awarencs of mltoid-hcilitrtnf 
contaminant tnncport 

Ar late a* the urly 198& a groundwater 
conkammant wasgcnctrlly assumed tOQCCU- 
pyoncofnvophoses+a ctationaryyhnsccon 
~ m m g  of aquifer wilds, and a mobile, rque- 
ow phase thot sews 2s the medium fur thc 
movement of diwlvcd chcmial spcncs In 
such I system, the ratcofcontrmlnanc trans 
port dqcnds on the groirndwrrcr tranJport 
vcloaty, of course, bur alw an rhr drstribu 
eon of tfit Lonununant between the wo 
phases T h e  greater the extent to which a 
contaminant pArttttam into the immohrlc 
phrrc, tht &wer iu averrye czunsport 
vciocttyrn theground wrter (Fly, 1) 

The  uncrpecd  opperrancc hf ICW- 

solubility runtaminants SOIIX distance twm 
known wurccc, or soonct than woufd bc 
nrpccttd Croni their tohliiitiy, let1 to LmmI 
nittion of the @rriblc rnvnlvcmcnt of non 
aqueous, rnobilt colloids in contaminrnt 
trantport' Invoking colloid\ to evplrrn cuch 
obbscrvatransgsvcrtre to three p b c  modcla 
of contamlnrnt transport (Fig 3, owrlcaf) 
Tht trruitc of Kcrsting cr nf reinforbe tilt 
need tor ntch models In their wi.trk, t t t ty  usc: 
IcwuptG 'fingerprintii~g to dcmonstrrtr that 
Pu, ER element with cxtrcmely low tqueow 
rolubJtty (rrlcrw 9% IO-'' M, depnding on 
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Colloid + 
contaminant 

Fipurr 2 Colap.rlron of gcrrerrlitrd two- ond thrrr phrrr gr0uitdwai.r rybrcrnr s -0-phair, 
L &m-phrr  Thr third ~ ~ l i a u  in tr is i colloid nr nikrqwrtdc shown hcrc with coiitamtitaiii 
mdctdu  rafbcd iti 11 lhub mahng lhcm innhlle Colluidal motaid 
the ctatinnrry nicwpariiclr pharc 

ururlly eheoilca!ly srmdor to 

brtiont or chenyei in tlow vcloctty from 
pumping, and t h r w g h  vi SIIU preLiptAtiiin 
of Supersaturdtid mincral phases Colloids 
Ire r c m d  froni the nqueouc phasc hy 
deposition on rrationiry mrcropirnctcs. iris 
thccfficicn~ofdcposlticrn t h v  rcgulater the 
faulitatmn ofconlaminant trinrport' 

Kerktirrgand collcogucm nnd)siil ol col- 
bid\ tsolnrrd from pumped &round watcr 
clcrrly identified the stiurrr of thc Pu 3s i 
#ingle underground nuclcar tcst sire, the t e h t  

well and detonalton sitc bcing 1 3 km rpart 
T h e  climinstion ofotlicr de tanr i i~~n  cavities 
and contamination a\  thc source of PU 
niakcs it cvtdent ihar thc Pu hac bcen (ran*- 
ported thmugh thr ground water h y  wmc 
pracerrs 

As dclineoted by Kydn rnd Clinielcch', 
however, three c o i ~ d ~ t i o n ~  mwt bc met for 
drfcnsible rrridencr i h (1 colloids have trrns- 
ported conlarninrntq first c c h i d b  n w r  hr 
present, secund, contan>inmu mu\! a w m -  
dtc wirh thcni dnd third, thc ccdiiid-conta- 
minant comhiiirtion mu\i movt rhiough 
theaquifer The r i ~ i i l t s ~ f ) ; c r ~ t i i i ~ C i  ul qual- 
ttaovclymccrthcfirst two coldifion\ Rut as 
thcauthorrpoiiit out the powhilit) ofun i  
Fling artefactr mainr rhat they could not 
quantdy wme of t h i  parnnicteri iitcdcd hr 
wpportinp thc dctiiled arrec\rnent of ~ n l -  
loid-facrllratrd Yu trJn*piirl in their study 
That is, t h c t h d  cmnditlcm has not bcen rig- 
oroucly met Nevtrthrlccs theti work clerrly 
show that a low wlubility roiiirrninrnt 
travtlkd wmc way from the wiurcc pcrhaps 
at or ncrrthc 1oui grtiundwricr flow vdo~ i ry  
( 1 - 80 ni yr - '1 

Has the Gtrdian knot becn Lut? No I dii 
not think so, although 3 g o d  c l ~ e  h b  heen 
taken nul hf it Thc fundanicntd dlficdty 
rcmams the bop bcrwccn field citrrrrvrticins 
mdcrpcctsaons hired 011 hench \cnk cxpci 
imcnt\and thew) bcir rirmplr aclordiiigto 
c1awc.d hltrdtion thciiry d o i d  trJii<piirt 
rhouldk  relativclylirniicd (tcn$clfiiwrrcc o r  
Its uirdrr rvpical v ~ b w r f i ~ e  c(>irditliin\) 
Advance\ in incwpordtiiig rnrcropirticlc 
chemical hctcioficiicii~ d i d  bi le  Iilockigc into 
mcidclr have h d p d  ii> nJrniu Ihc ~ 7 p  hut II 
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